The anterior cruciate ligament (ACL) is the most commonly reconstructed ligament of the knee. Most often, the goal of surgical reconstruction is to recreate stability within the knee and prevent joint degeneration. To date, clinical studies have not demonstrated the ability of various reconstruction techniques in establishing complete knee stability when comparing rates of osteoarthritis. Rates of osteoarthritis commonly resemble those of knees which have not be reconstructed and in this light, may not demonstrate a successful outcome. As modern medicine continues to develop and in the understanding of underlying biological processes grows, some surgeons have turned their attention back to an ACL repair technique. The purpose of this clinical commentary is to discuss the parameters associated with a phase progression for an isolated ACL repair. Physiological healing time frames, along with objective clinical assessment, following a criterion-based progression is described in accordance with post-operative healing parameters to serve as a reference for a rehabilitation specialist.
function and stability. 6, 14 Lastly, donor site morbidity is eliminated.
Seemingly, most opponents to the ACL repair point to the decreased ability for the ACL to heal, however, recent research supports the concept that the ACL does have some intrinsic capacity to heal. 15, 16 The proximal 1/3 of the ACL has been shown to have intrinsic healing properties that are similar to the medial collateral ligament (MCL) forming type III collagen fibers of similar histological make-up. 15 The ability of the ACL to spontaneously heal 15, 16 would indicate that proximal ACL tears, when managed with an ACL repair may have the ability to restore joint stability. 17 Many of the same healing properties proposed by the ACL repair are realized in the healing response procedure. 18 Creating a healing stimulus by microfracturing around the anatomical footprint permits access to mesenchymal cells and a healing environment is established to support the ACL. 18 In an attempt to aid the healing response, the addition of a suture fixation and a biodegradeable screw could further secure the native ACL tissue to its origin. These factors, along with developments in surgical procedures and collagen-platelet-rich plasma scaffolding are allowing a second look at less invasive ACL surgeries.
With the potential benefits and positive effects of an ACL repair, the clinician would benefit from a better understanding of the proposed steps necessary to return the patient to their prior level of function. The purpose of this clinical commentary is to discuss the parameters associated with a phase progression for an isolated ACL repair. Physiological healing time frames, along with objective clinical assessment, following a criterion-based progression is described in accordance with post-operative healing parameters to serve as a reference for a rehabilitation specialist.
POSTOPERATIVE REHABILITATION
The current literature relating to a criterion based rehabilitation protocol after an ACL reconstruction is inconsistent.
10, 19 Despite the high prevalence of ACL reconstruction in the literature, consensus regarding weight bearing, range of motion, and initiation and progression of a periodized strength training program including running and return to sport does not exist.
10, 19 The ACL repair, which is documented less INTRODUCTION Isolated anterior cruciate ligament (ACL) tears have been reported to occur at a rate of 68.8 per 100 000 people in the United States. 1 Prior to 1970, many ACL tears were managed using a ACL repair procedure in order to recreate stability in the knee. 2 These procedures were open surgical repairs and included all tear types, tear locations, patient ages and activity levels, and included various co-morbid knee injuries.
3,4 Moreover, following the open ACL repair procedure the post-operative management regime usually included long leg casting in slight flexion for as long as six weeks. 3, 4 This management of ACL injuries resulted in poor patient reported outcomes and high failure rates, 3, 4 ranging from 10% to as high as 100%, [3] [4] [5] and consequently lead to surgeons abandoning ACL repairs in favor of ACL reconstructions. 1, 3, 4 The purpose of the ACL reconstruction is to create rotational and posterior/anterior knee stability, allowing the patient to resume their prior levels of activity while decreasing the chance of articular cartilage degeneration. [5] [6] [7] When measured against these goals, ACL reconstructions are not always successful.
5,7-9 Rates of degeneration and osteoarthritis do not appear to be slowed following ACL reconstruction with osteoarthritis development reported from 10% to as high as 100%; 5,7 a rate similar to patients managed conservatively.
7 Furthermore, despite efforts and intentions directed at returning patients to their prior level of activity participation, reconstruction of the ACL does not guarantee return to pre-injury status 5,10,11 with just 65% of athletes returning to their prior functional level.
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Given that positive outcomes after ACL reconstruction are not always certain, it seems appropriate to revisit ACL repairs. There are several potential benefits of repairing the ACL, including the avoidance of drilling tibial and femoral bone tunnels, which creates trauma to the knee joint. Tibial tunnel reaming during anatomic single bundle ACL reconstruction impacts the anterolateral meniscal root attachment, ultimately reducing failure strength. 13 Furthermore, preserving the native ACL results in more consistent anatomical tissue placement when compared to ACL reconstruction with an additional benefit of maintaining vascular and proprioceptive structures considered vital in knee and lower extremity for Establishing full passive patellofemoral motion is also important in the protective phase. Adhesions that form in the gutters of the anterior knee and in the anterior interval can limit tibiofemoral and patellofemoral range of motion and increase joint contact pressures. 26 As indicated by previous authors, patellar mobilizations in a superior/inferior and medial/ lateral fashion should also be accompanied by medial/lateral mobilizations of both the patellar and quadriceps tendons to limit potential restrictions in both the tibiofemoral and patellofemoral joint. 25 Effusion in the tibiofemoral and patellofemoral joints can result in increased pain, decreased quadriceps activation, limited range of motion, and prevent the patient from progressing forward with rehabilitation. 20 In accordance with physiological healing factors, joint effusion is expected to peak at day three and gradually resolve by the completion of Phase I at six weeks. 29 Treatment to aide in the resolution of joint effusion may include lymphedema massage, the use of pneumatic compressive devices, elevation, and an active muscle pump from the quadriceps and calves. In addition to techniques aimed to decrease joint effusion, the rehabilitative specialist is encouraged to progressively stress the tissue within its tolerance to avoid increased joint effusion.
Quadriceps atrophy is common in an acute surgical knee and can lead to difficulty with active terminal knee extension during gait activities. 30 Quadriceps training is initiated immediately after surgery with isometric quadriceps sets in terminal extension. As tolerated, quadriceps strengthening is progressed to short-arc, open-kinetic-chain strengthening from 30Њ to physiological terminal extension to aid with normal restoration of gait mechanics. 30 The short-arc quadriceps exercise is shown to activate all quadriceps muscles at a greater EMG level as extension increases 31 and have similar strain on the ACL compared to a closed-kinetic-chain squatting exercise.
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Criteria for the progression from Phase I center around the goals outlined in Table 1 . Initial passive range of motion into flexion and extension is performed by the therapist and should be maintained. Flexion is expected to be within 10Њ of the opposite limb, with efforts made to restore extension to values comparable to the contra-lateral limb. Finally, swelling is expected to be within 0.5 cm of the opposite frequently in the current literature compared to the reconstruction, has even less support in the literature. With this in mind, concepts proposed in this commentary aim to blend a criterion-based progression with patient presentation and the appropriate timelines associated with tissue healing and muscle adaptation.
Phase 1: Protection/ROM/Muscle Initiation (0-6 weeks) The goals outlined in Phase I are important in directing the patients' overall return to function. The aim of the protection phase is not only to protect the repaired ACL, but to prepare the patient for the next phase of rehabilitation by restoring tibiofemoral and patellofemoral range of motion, initiating quadriceps activation, and resolving joint effusion. 20 Post-operative restrictions are put in place to provide protection to the repaired ligament. The patient is placed in a standard postoperative hinged-knee which is set to allow for 0Њ -90Њ of knee extension and flexion during gait activities for six weeks. Further, patients are allowed to ambulate in partial weight bearing (PWB) with a gradual increase to full weight bearing occurring at two weeks following surgery. 19 Crutches can be discontinued when the patient no longer demonstrates an antalgic gait or an extension lag during a straight leg raise. 21 The role of early range of motion after surgery in reducing post-surgical complications and improving outcomes has been established in the literature. 19, [22] [23] [24] Since passive tibiofemoral flexion and extension does not place undue stress on the surgically repaired ligament, 19, 26, 27 no restrictions are placed on passive range of motion post surgically. Passive tibiofemoral flexion is achieved with passive edge of table flexion and wall-slides. Progression of range of motion is guided by subjective patient reports, and limitations into progressing range of motion are directed by patient reports of pain. When >110Њ of passive flexion is present, 27 the patient is able to progress to stationary cycling without resistance as a way to assist with effusion. 28 Passive tibiofemoral extension can be achieved with posteriorly directed femoral glides in relation to a fixed tibia. In conjunction with a posterior femoral glide, a rotary mobilization of the femur directed externally in relation to the tibia can assist with tibiofemoral extension.
limb by the end of Phase I. Tables 2 and 3 provide examples of interventions commonly used at both weeks one and six.
Phase 2: Periodized Strength Development -Muscular Endurance (7-14 weeks) After completion of the protection phase, the focus turns to progressive loading of the knee joint and soft tissues through a periodized program that focuses on the sequential development of muscular endurance, strength and power. Due to arthrogenic inhibition, the selective atrophy of type 1 muscle fibers following injury provides the physiological rationale for the development of a muscular endurance base. 20, 33, 34 Due to their decreased recruitment threshold requirements, type 1 muscle fibers are recruited and developed with light intensity and high repetitions. 35 The strengthening of major muscle groups, especially the quadriceps, as outlined in Table 4 Reciprocating stair ascension/descent Swelling within 0.5 cm of opposite knee (measured at superior pole of patella, 5 cm and 10 cm proximal to superior pole of patella) Bike (115⁰ flexion present) Lymphedema massage, distal to proximal Ankle pumps (3 sets of 20 reps, 2-3 times / day) Progression from mat muscle activation exercises to upright muscle activation exercises Balance progression (interventions include but are not limited to tandem stance, rhomberg stance, single leg stance, unstable surfaces, eyes opened/eyes closed)) ROM= range of moƟon. PWB= parƟal weight bearing PWB= parƟal weight bearing. TA = transversus abdominus. TKE= terminal knee extension.
The above menƟoned intervenƟons are appropriate during Phase I of rehabilitaƟon and can be used and should serve as a guideline for clinicians between the first and sixth weeks of rehabilitaƟon if determined appropriate by the clinician. single leg squat and the Y-Balance Test are used as indicators of surgical limb strength and stability. A single leg squat from a 10-inch step over 15 repetitions will allow the rehabilitation expert the opportunities to assess frontal plain kinematics and strength at the trunk, hips, and knees visually. Anterior reach on the Y-Balance Test has been correlated with knee injuries and return to sport in the literature, and is being used as a progressive objective measure to show strength in the surgically repaired leg. [40] [41] [42] Despite the focus on the development of muscular endurance, lower extremity muscular strength is still three times each week with at least 48 hours of rest in between. 35, 36 Light to moderate loads of <50% of the patients' 1-repetition maximum (1RM) are recommended for greater than 15 repetitions. 36 ACSM guidelines encourage between two and four sets with rest periods <90 seconds.
35, 36 The progression of double to single leg activities is also recommended throughout the progression of this phase.
Phase II progression criteria are outlined in Table 5 . Single leg strength has been shown as an important predictor for control of frontal plain kinematics 37 and with return to sport decisions. 10, 11, 38, 39 Therefore, the The above menƟoned intervenƟons are appropriate during Phase I of rehabilitaƟon and can be used and should serve as a guideline for clinicians between the first and sixth weeks of rehabilitaƟon if determined appropriate by the clinician. In addition to strength training, a running and agility progression are added with the goal of returning the athlete to practice by the completion of this phase.
Development of muscular strength targets type II A and B muscle fibers. 49 An example of possible exercise interventions is outlined in Table 6 with a continued focus directed towards quadriceps strengthening. Similar to a Phase II, patients are expected to perform strength training interventions two to three times each week with at least 48 hours of rest between sessions. 35, 36 Moderate to heavy loads of at least 60-67% of a patients' 1-RM are recommended for muscular strength development. 36, 49 Based off of a patients previous weightlifting experience, between 1 -12 repetitions with two to six sets are used to help maximize expected to improve over this phase. The back squat/leg press and quadriceps symmetry index are used to assess the return of muscular strength. Values for the back squat and leg press are provided to better ensure that rehabilitation specialists will have the equipment necessary in order to measure strength values. Back squat values are based off of a male being able to back squat 1.25 times his body weight 10 times (10 repetition maximum) and a female being able to back squat 0.8 times her body weight 10 times (10 repetition maximum) (Appendix 1). A 10-repetition maximum is implemented to avoid over loading the joint and soft tissues. These values are also correlated with an equivalent load for measuring with a leg press machine in both single and double leg. A quadriceps symmetry index of 80% the non-surgical leg can also show strength progression. The above menƟoned intervenƟons are appropriate during Phase III of rehabilitaƟon and can be used and should serve as a guideline for clinicians between the 15th and 21st weeks of rehabilitaƟon if determined appropriate by the clinician. 7 gives an example of this progression, but clinical judgment should be used in the progression to minimizing swelling and pain. If significant swelling and pain present, the patient is to regress back to the previous day. When the patient is able to successfully run pain free for 20 consecutive minutes, and strength and endurance criterion are still met, a graded agility progression is started. Agility drills are added in a single plane and progressed from 25% of maximal speed. Despite a lack of concise evidence in the literature, these authors believe that after two successful consecutive sessions without swelling and pain, it is appropriate to increase the intensity of the agility drills by 25% of an athlete's subjective perception of intensity via rate of perceived exertion. In addition to increased intensity, the athlete and rehabilitation specialist begins to introduce planes of motion to the agility drills to prepare for return to sport.
Criteria for the advancement from Phase III are outlined in Table 8 . As the patient progresses towards a return to activity, the use of objective measures defined by the literature are used to assess function. The progression of muscular strength continues to build on strength gained from the previous phase. Single limb strength is again assessed with the Y-Balance Test, however, the 4 cm difference from non-surgical leg now reflects data supported in the literature pertaining to decreased rates of injury. [40] [41] [42] Back squat/leg press strength is expected to be at 80% of predicted 10 RM by the completion of phase III. The quadriceps symmetry index and girth measurements have been used in the past to assess return to sport and are expected to be at 90% and within 1 cm of non-surgical leg, respectfully. Another measure supported by the literature for return to sport is the hamstring/quadriceps ratio which has been established at 60% and measured using hand-held dynomometry. 54 Finally patients must pass the single leg drop test as measured by strength gains. 36, 49 Depending on the complexity of movement, rest times between two to five minutes are encouraged. 36, 49 It is also recommended that every four weeks, the patient goes through a de-loading week to allow for appropriate recovery of muscles and soft tissue structures with a resistance of 50-60% utilized. 49 To this point, a running progression has not been implemented and should only be included if the patients desired activities include running. A criterion based model that addresses strength 50 in a dynamic and fatigued state 51 is appropriate in determining a progression to running. 52 A quadriceps index of 90% in ACL reconstructed knees has been correlated with near normal jogging mechanics and is considered an appropriate marker for assessing strength. 53 Despite not being a validated criterion for the knee, these authors believe that a passing score during the Vail Sports Test allows a rehabilitation specialist to observe how a patient would accept load while in a fatigued state and provides insight to how they would perform during a running activity. With these criteria met and a satisfactory muscular strength base established, a staged running progression starting with 70% weight bearing is implemented in an Alter-G treadmill. A similar reduced load running progression can be completed in a pool initially at chest depth with progression to shallower water depths. Over the course of two to three weeks, weight bearing is progressed during each running session by 5% until able to tolerate 100% weight bearing. to sport. Continuing with a linear periodization model, appropriate strengthening, conditioning, power, speed, and agility drills that best replicate the demands of the sport or activity are incorporated.
As different sporting activities require various combinations of power, speed, and agility, it is up to the rehabilitative specialist to implement their knowledge of strength and conditioning to adequately prepare each athlete. An example of possible exercise interventions is outlined in Table 9 with the focus switching from strictly strength, to power and strength maintenance.
Optimal power development uses a resistance of 30% of the patients 1-RM and is suggested to enhance athletic performance and thought to best simulate most athletic events. 56 However, increasing both movement speeds and rate of force development, is best trained with 75-90% of the patients' 1-RM for 1-5 repetitions.
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This is completed over three to five sets with two to five minutes of rest. 46 The development of optimal power, speed, and agility can be targeted with intense, brief activities avoiding fatigue, and should be performed early in the session. 46 Table 10 outlines the goals for Phase IV. Strengthening should continue throughout this phase with a 10-repetition squat or leg press of 90% or greater being expected by the completion of the phase. Also, in accordance with strength, the patient must maintain an inertial measurement unit (IMU), further assessing neuromuscular control by way of tibial angular motion and indicating a patients' ability to control dynamic movements at their limb.
51 Neuromuscular is believed to be an important factor in a successful return to sport.
10 Rehabilitation facilities will likely not possess a three-dimensional motion analysis system able to capture tibial motion and therefore can rely on an accurate but more portable IMU system. 51 Once these criteria are met, the patient is able to return to practice and progress to Phase IV.
Phase 4: Periodized Strength Development -Muscular Power/Speed/Agility phase (22+ weeks) Historically, clearance for complete return to sport followed a time based model and was subject to clinical examination performed by the intervening surgeon occurring at six months. 10 However with the primary factor for return to sport being time 10 and with re-tear rates occurring at similar rates before and after six months from surgery, 55 a stronger focus on a criterion based model, especially during this return to sport phase, should be used.
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The fourth phase of rehabilitation is directed towards the development of muscular power, speed, and agility with the end goal being the complete return previously outlined values pertaining to anterior reach on the Y-Balance Test, quadriceps girth, quadriceps index, the Vail Sports Test, single leg hop/box drop with an IMU and hamstring / quadriceps ratio in order to return to unrestricted sport activity. Finally, the addition of the modified T-test and single leg hop series adds in the patients' ability to tolerate the rigors of the sport or activity and indicate they are able to return to unrestricted sports participation. 46, 52, 57 Ultimately, the patient, doctor, and therapist should agree on the patients' ability to return to activity based on subjective and objective measures.
Limitations with this criterion driven progression include the lack of data supporting improved functional outcomes. Furthermore, because long-term studies utilizing current ACL repair techniques are lacking, clinicians must rely on data from reconstruction procedures along with physiological healing timelines to support our approach for the design of the optimal post-operative physical therapy program for patients following ACL preservation and repair. The concepts presented should continue to be challenged and progressed as new information is presented, but these concepts serve as a starting point for how best to approach the rehabilitation of the knee following repair of the ACL.
CONCLUSIONS
While there is limited research pertaining to postoperative rehabilitation for the ACL repair, this clinical commentary offers suggested interventions based on evidence from anatomical, biomechanical, tissue-healing studies, and current literature of ACL reconstruction in establishing a safe and structured postoperative protocol. With the possibility of more ACL repair procedures being performed, therapists may benefit from the suggested structured progression of rehabilitative criteria that are supported by literature to help improve patient outcomes. This commentary aims to serve as a framework for which future research in clinical and laboratory settings can build off of to further support the data presented. 43, 44 .
